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Annealing the Ru metal that typically contains residual carbon impurities offers a facile way to 
grow graphene on Ru(0001) at the macroscopic scale. Two superstructures of the graphene/Ru(0001) 
interface with periodicities of 3.0-nm and 2.7-nm, respectively, have been previously observed by 
scanning tunneling microscopy. Using first-principles density functional theory, we optimized the 
observed superstructures and found interfacial C-Ru bonding of C atoms atop Ru atoms for both 
superstructures, which causes the graphene sheet to buckle and form periodic humps of ~1.7 Å in height 
within the graphene sheet. The flat region of the graphene sheet, which is 2.2-2.3 Å above the top Ru 
layer and has more C atoms occupying the atop sites, interacts more strongly with the substrate than 
does the hump region. We found that interfacial adhesion is much stronger for the 3.0-nm superstructure 
than for the 2.7-nm superstructure, suggesting that the former is the thermodynamically more stable 
phase. We explained the 3.0-nm superstructure’s stability in terms of the interplay between C-Ru 
bonding and lattice matching.   
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I. INTRODUCTION 
Successful isolation of the graphite monolayer, graphene, in 2004 has opened up a new field of 
research.1,2 Interesting new physics has been discovered for graphene’s two-dimensional lattice3-7 and 
novel devices based on graphene have been made.8 Applications of graphene for electronic devices in a 
large scale demand a way to produce large quantity of graphene cheaply and reliably. The original 
method of mechanical exfoliation1 is not quite suited for large-scale production. Hence, alternative 
methods to produce graphene have been developed. One attractive method is to grow graphene on a 
substrate, such as SiC9, Ir10,11, and Ru.12-16 
The method to grow graphene on Ru(0001) is especially promising in that one can just anneal a 
commercially available Ru sample that typically has residual carbon impurities. During annealing, the C 
atoms will segregate onto the Ru surface and form a macroscopic graphene layer on Ru(0001), up to 
millimeter-scale.16 It has been shown that this graphene layer is stable in ambient conditions and can 
survive high temperature treatment.12 It has also been found that a second layer of graphene can grow 
over the first layer after the first layer’s completion and this second layer is weakly coupled to the 
substrate.15 At the microscopic level, a hexagonal superstructure with a repeating length of ~3.0 nm has 
been observed by scanning tunneling microscopy (STM), and attributed to be a moiré pattern caused by 
matching (12×12) graphene primitive cells to (11×11) Ru(0001) primitive cells.12,13,15,16 A smaller 
superstructure with a repeating length of 2.7 nm has also been observed by another STM study.14  
At the atomic level, different results regarding the interfacial structures and interactions have been 
reported for the 3.0-nm superstructure of graphene on Ru(0001). Marchini et al. measured an apparent 
height of 1.8 Å for graphene on Ru(0001)12 by STM, but Sutter et al. determined an optimal height of 
1.45 Å by fitting the experimental I(V) curve from low-energy electron microscopy (LEEM).15 The 
experimental evidence from STM, LEEM, and the work function measurements suggests a strong 
interaction at the graphene/Ru interface.12,15 However, a preliminary density functional theory (DFT) 
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study of the 3.0-nm superstructure showed that the interfacial interaction is weak and the graphene layer 
has a corrugation of only 0.4 Å and is at least 3.9 Å above the Ru substrate.16 Another DFT study by 
Wang et al. found alternating strong and weak interaction at the graphene/Ru(111) interface and a 
corrugation of 1.5 Å within the graphene sheet.17 Wang et al. also computed the STM image for the 3.0-
nm superstructure which shows good agreement with experiment.  
In contrast to the 3.0-nm superstructure which has been reported in many recent studies, the smaller 
2.7-nm superstructure has attracted less attention. Although patterns of graphene on Ru(0001) depend on 
the growth conditions,16 the fact that there are more reported cases of the 3.0-nm superstructure seems to 
indicate that it may be the thermodynamically stable phase. However, from a pure geometrical point of 
view, the 2.7-nm superstructure corresponds to a better match between the graphene and Ru(0001) 
lattices. This apparent conflict calls for an explanation which may be obtained by first-principles 
calculations. In this paper, we will show that the 3.0-nm superstructure is indeed preferred over the 2.7-
nm one. We will also explain why that is the case, by examining structures, bonding, and adhesion 
energetics for the two superstructures. Our results support the conclusion of the earlier DFT study in 
Ref. 17 that there is strong binding between the graphene sheet and the Ru surface.  
II. COMPUTATIONAL METHODS 
We employed the periodic density functional theory with a plane wave basis (kinetic energy cutoff, 
400 eV).18,19 For electron exchange-correlation, the Perdew-Burke-Ernzerhof (PBE) form20 of 
generalized-gradient approximation (GGA) was used. Although DFT-PBE cannot describe well the 
dispersion interaction between graphene layers, it yields quite reasonable results for the interaction 
between graphene and Ru(0001), as we show later. Moreover, previous studies21,22 showed that DFT-
GGA should be able to capture well the interaction between the benzene pi-system and transition metals 
in the iron group. To describe the electron-core interaction, we utilized the projector-augmented wave 
method within the frozen-core approximation.23,24 Optimized lattice parameters for graphene (a=2.465 
Å) and Ru (hcp structure: a=2.724 Å, c=4.308 Å) agree very well experiment. The superstructures of the 
graphene/Ru(0001) interface were modeled by using the super cell approach. Our models of the 
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superstructures include the graphene layer, three layers of Ru, and a 12-Å vacuum layer. Only the Γ 
point was used to sample the Brillouin zone, and the force tolerance for structural optimization was set 
at 0.05 eV/Å. 
III. RESULTS AND DISCUSSION 
We started by examining the 3.0-nm superstructure which has been reported by several independent 
studies.12,13,15,16 This superstructure contains a (12×12) lattice of repeating graphene primitive cells 
matched to a (11×11) lattice of repeating Ru(0001) primitive cells, with the [10 1 0] directions of the two 
lattices aligned. We initially placed the flat graphene sheet close to the top Ru layer at a height of 1.9 Å 
to test the hypothesis of chemical interaction between graphene and Ru(0001). This initial distance is 
much shorter than one half of the sum of graphite and Ru(0001)’s interlayer spacings (2.8 Å) and 
slightly higher than the apparent height (1.8 Å) observed by STM.12 After structural relaxation, we 
found that a hump rises from the otherwise relatively flat graphene sheet [Fig. 1(a)]. The height of the 
hump is about 1.67 Å, larger than the average corrugation (0.7 – 1.1 Å) observed by STM which we 
note is subject to bias dependence.12 The optimized structure shows a height of ~2.2 Å over the top Ru 
layer for the low, flat region of the graphene sheet. This distance matches well the interlayer distance 
between Ru layers of Ru(0001) (at 2.15 Å), which may help explain the observation that graphene grows 
at the lower terrace of a step on Ru(0001),12,15 as a way to extend the edge of the upper terrace. Fig. 2 is 
a perspective view of the humps in the graphene layer, which offers a clear contrast between the 
corrugations and the lateral dimensions. We found relaxation in the Ru substrate small and the closed-
packed geometry of Ru(0001) well preserved. The buckling in the top Ru layer is found to be ~0.2 Å 
and the lateral relaxation of Ru atoms is even smaller (< 0.1 Å). 
Our DFT results for the 3.0-nm superstructure agree very well with Ref. 17 on the strong graphene-Ru 
binding and a significant buckling of the graphene layer, but disagree with Ref. 16, which showed a 
weak binding with minimum interfacial spacing of 3.9 Å and a small corrugation (< 0.4 Å) within the 
graphene layer.  
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Fig. 1(b) shows the top view of the optimized structure with the height of the C atoms color-coded. 
One can see that in the low, flat region (at the lower left and upper right areas) where graphene is close 
to the Ru layer and supposed to interact more strongly (than the hump region) with the substrate, more C 
atoms sit atop Ru atoms. This is opposite to the structural model used in the LEEM experiment,15 which 
assumed that all the carbon atoms occupy the hollow sites on the Ru(0001) surface. In contrast to the flat 
region, the carbon atoms in the hump region [see the center region of Fig. 1(b)] are indeed over the 
hollow sites of the Ru (0001) surface.   
Now we discuss the energetics at the graphene/Ru(0001) interface. We found an adhesion energy of 6 
eV per superstructure (21 meV/C-atom or 0.12 J/m2) between graphene and Ru(0001), in good 
agreement with the 6.7-eV adhesion energy found by Wang et al.17 Given that about a third of the C 
atoms are in the hump region and interact weakly with the Ru substrate, this strength is comparable to an 
interfacial strength of 30 meV/C-atom (obtained by using DFT-PBE as well) found for the 
graphene/Ni(111) interface where the unbuckled graphene layer (due to the nearly perfect lattice match 
with the substrate) is 2.13 Å above the Ni substrate.25  
In Fig. 3 we plot the electron density difference between the interface and a sum of the separate 
graphene and Ru(0001) surfaces. One can see that charge depletes from the top Ru layer and 
accumulates in the interfacial region near the graphene layer. A zoom into the flat region of the graphene 
layer in Fig. 3(a) shows that the accumulated charge localizes along the C-Ru bonds. The top view [Fig. 
3(b)] shows that there is little charge transfer between the hump region of the graphene sheet and 
Ru(0001) due to their large separation. A closer look into the flat region of the graphene layer [upper 
right corner of Fig. 3(b)] shows that (1) charge transfer is concentrated along sites where C atoms sit 
atop Ru atoms and (2) there is little charge transfer on the sites where C atoms are located over the 
hollow sites even though these C atoms are also in the flat region and close to the top Ru layer. This 
again supports the conclusion that the C-Ru bonding arising from the C atoms at the atop sites 
dominates the graphene/Ru(0001) interfacial adhesion. To further illustrate this point, Fig. 4 displays the 
orbital-decomposed local density of states for a Ru atom and the C atom on top of it [as indicated by a 
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straight arrow in the zoomed-in region of Fig. 3(b)]. One can clearly see strong hybridization between C 
2pz and Ru 4dz2 orbitals which are normal to the interface. 
The measured work functions for the bare and the graphene-covered Ru(0001) surfaces are 5.4 and 4.5 
eV, respectively, comparable to the calculated values of 5.3 and 3.5 eV. The large work function change 
upon the graphene adsorption suggests significant charge transfer at the graphene/Ru interface, in 
consistent with our calculations. However, the adsorbate-induced decrease of the work function usually 
results from the charge transfer from the adsorbate to the substrate, opposite to that shown in Fig. 3. 
Such “abnormal” work function change has been observed by several authors in their studies of surface 
adsorption,26-28 and has been argued to arise from the charge transfer within the adsorbates that 
counteracts the charge transfer from the substrate to the adsorbates. Note that Fig. 3 shows only the 
regions with large charge density changes (|∆ρ| > 0.06 e/Å3). The charge transfer in the low-density 
region (e.g., the charge transfer from above to below the graphene sheet) also contributes significantly to 
the interfacial electric field. In fact, the calculated induced surface dipole moment, i.e., the change of the 
surface dipole moment upon graphene adsorption, points towards outside the surface, consistent with the 
observed reduction of the work function.   
Having discussed the electronic structure at the graphene/Ru(0001) interface, we now explain why the 
hump is formed in the 3.0-nm superstructure. Just matching the (12×12) graphene primitive cells to the 
(11×11) Ru(0001) primitive cells, the graphene lattice is under ~1.3% tensile strain in the experimental 
3.0-nm superstructure and is thus not expected to have a significant buckling as observed by both 
experiments and our calculations. Our results above have showed that the interfacial C-Ru bonding of 
the C atoms occupying the atops sites on Ru(0001) plays an important role in dictating the structure and 
energetics at the graphene/Ru(0001) interface. However, the graphene/Ru lattice mismatch prevents 
every carbon atom from occupying the atop site. Instead, only part of the carbon atoms reside 
approximately at the atop positions, giving rise to a 3% C-C bond stretching in these areas. The resulted 
compressive strain to the rest of the graphene sheet causes significant buckling and the formation of the 
humps of ~1.7 Å in height. Thus, it is the preference of the direct C-Ru bonding at the atop sites that 
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results in a distribution of tensile and compressive strains in the graphene sheet, causing the corrugated 
graphene as observed in experiments. 
We now turn our attention to the 2.7-nm superstructure. From a pure geometrical perspective, the best 
match between graphene and Ru(0001) is graphene (11×11) matched to Ru(0001) (10×10) (~0.1% 
misfit based on experimental lattice parameters or ~0.5% misfit based on computed lattice parameters), 
leading to the 2.7-nm superstructure. Fig. 5 shows our optimized structure for this superstructure. 
Compared with the 3.0-nm superstructure, one can see that the 2.7-nm superstructure also has a large 
buckling within the graphene sheet and the flat region of the graphene sheet is ~2.3 Å above the 
substrate. Both the spacing and the buckling are 0.1 Å larger than those in the 3.0-nm superstructure. 
The top view of the 2.7-nm superstructure shows the same feature that the flat region has more C atoms 
atop Ru while C atoms in the hump are located over the hollow sites.  
Comparing interfacial adhesion, we found that the 2.7-nm superstructure has an adhesion energy of 
2.7 eV per superstructure (11 meV/C-atom or 0.07 J/m2), about half the strength of the 3.0-nm 
superstructure. This result indicates that the 3.0-nm superstructure is indeed thermodynamically more 
stable, supporting the fact that more cases of the 3.0-nm superstructure have been reported and up to 
millimeter-scale of the 3.0-nm superstructure can be grown.12,13,15,16 The stronger adhesion for the 3.0-
nm superstructure can again be explained in terms of interfacial C-Ru bonding. Just inspecting the top 
views of the two superstructures [Fig. 1(b) and Fig. 5(b)], one can tell that the 3.0-nm superstructure has 
more C atoms at the atop sites. If one quantitatively defines interfacial C-Ru bonds as rC-Ru < 2.3 Å, 
there are many more C-Ru bonds in the 3.0-nm superstructure than in the 2.7-nm superstructure (37 
versus 10). The larger spacing between graphene and Ru(0001) and the greater buckling within graphene 
in the 2.7-nm superstructure also indicate weaker interfacial strength and larger strain within graphene, 
compared to the 3.0-nm superstructure.. Apparently, the 3.0-nm superstructure strikes the right balance 
between minimizing strain within graphene and maximizing the interfacial bonding, so it is 
thermodynamically more stable. 
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The buckling of the graphene sheet we found here due to C-Ru bonding can explain well the aromatic 
hemispheres formed on Ru(0001),29 where the edge carbons of the aromatic molecules presumably 
“grasp” the Ru atoms, causing the center to rise under the compressive strain. Moreover, the nm-sized 
periodic humps within the graphene layer can serve as a good template for making metal nanoclusters.10 
Further, we have demonstrated that the graphene lattice is well preserved despite the buckling of the 
graphene sheet and its chemical interaction with the substrate  
IV. SUMMARY AND CONCLUSIONS 
We have studied the graphene/Ru(0001) interface with the first-principles DFT method at the GGA-
PBE level. By modeling the experimentally observed 3.0-nm and 2.7-nm superstructures, we obtained 
the optimized interfacial structure and found that a relatively high (~1.7 Å) hump appears in the 
graphene sheet. The relatively flat region of graphene is found to be 2.2-2.3 Å above the substrate 
surface, indicating stronger interaction between graphene and Ru(0001) than just physisorption. We 
found that the interfacial C-Ru bonding arises from the C atoms occupying the atop sites in the flat 
region. Both electron density difference and local density of states plots show that charge transfer and 
orbital hybridization concentrate on these interfacial C-Ru bonds. In the hump region, the C atoms are 
located over the hollow sites. The computed work function for Ru decreases significantly upon graphene 
adsorption, in agreement with experiment, and also indicates chemical interaction at the interface. We 
found that the 3.0-nm superstructure has an interfacial adhesion energy about twice of that for the 2.7-
nm superstructure, indicating that the 3.0-nm superstructure is thermodynamically more stable. We 
conclude that the buckling in the graphene layer and the strong interaction (beyond just physisorption) 
between graphene and Ru(0001) are due to C-Ru bonding at the interface. The 3.0-nm superstructure 
maximizes such interfacial C-Ru bonding while minimizing lattice mismatch, therefore more stable. 
This result may help explain and understand the growth of graphene on Ru(0001), which has the 
potential to produce macroscopic scale of graphene for device applications. 
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Captions: 
FIG. 1 (color online). The 3.0-nm superstructure of graphene/Ru(0001) with relative height (H) of C 
atoms within the graphene lattice coded by color: (a) side view of the optimized superstructure; (b) top 
view of the superstructure (the top Ru layer in light gray, and the subsurface Ru layer in dark gray).  
FIG. 2. A perspective view of humps in the graphene layer on Ru(0001) (Ru not shown). 
FIG. 3 (color online).  Electron density difference between the graphene/Ru(0001) superstructure and 
the isolated graphene sheet and Ru (0001) surface: (a) side view and (b) top view of the superstructure. 
Lines: black, graphene lattice; green, Ru lattice. Isosurfaces: blue, accumulation; red, depletion. 
Isovalue: 0.06 e/Å3. Squares indicate zoomed-in regions.  
FIG. 4 (color online).  Local density of states for a C-Ru bond where the C atom is atop the Ru atom 
(see the bond indicated by the straight arrow in Fig. 4b).  
FIG. 5 (color online).  The 2.7-nm superstructure of graphene/Ru(0001) with relative height (H) of C 
atoms within the graphene lattice coded by color: (a) side view of the optimized superstructure; (b) top 
view of the superstructure (the top Ru layer in light gray, and the subsurface Ru layer in dark gray); 
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FIG. 1 (color online). The 3.0-nm superstructure of graphene/Ru(0001) with relative height (H) of C 
atoms within the graphene lattice coded by color: (a) side view of the optimized superstructure; (b) top 
view of the superstructure (the top Ru layer in light gray, and the subsurface Ru layer in dark gray).  
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FIG. 2. A perspective view of humps in the graphene layer on Ru(0001) (Ru not shown). 
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FIG. 3 (color online).  Electron density difference between the graphene/Ru(0001) superstructure and 
the isolated graphene sheet and Ru (0001) surface: (a) side view and (b) top view of the superstructure. 
Lines: black, graphene lattice; green, Ru lattice. Isosurfaces: blue, accumulation; red, depletion. 
Isovalue: 0.06 e/Å3. Squares indicate zoomed-in regions.  
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FIG. 4 (color online).  Local density of states for a C-Ru bond where the C atom is atop the Ru atom 
(see the bond indicated by the straight arrow in Fig. 4b).  
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FIG. 5 (color online).  The 2.7-nm superstructure of graphene/Ru(0001) with relative height (H) of C 
atoms within the graphene lattice coded by color: (a) side view of the optimized superstructure; (b) top 
view of the superstructure (the top Ru layer in light gray, and the subsurface Ru layer in dark gray); 
